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SUMMARY

Yttrium orthovanadate (YVO4) doped with rare earth ions was investi-
gated for use as a pulse pumped Q switched laser material. The spectros-
copy of two potential laser ions, Nd3+ and Ho3+, was studied in detail.
Measurements of the optical absorption and emission spectra, energy levels
and stimulated emission cross-sections are reported. Q switched lasing of
pulse pumped Nd:YVO4 was demonstrated and found to be superior in output
to that of Nd:YAG in the same pump cavity. The pump cavity was a small
gold plated single ellipse and was designed for optimum Nd: YAG performance.

In addition, the strong inherent birefringence of Nd:YVO,k made possible pre-

pulse free, single pulse Q switching with no-intracavity :olarizer.

The crystal growth and materials evaluation effort of this program
demonstrated that large boules (1.3 x 7 cm) of material grown along the crystalo-
graphic A axis could be prepared without visible color centers, It was found
however that inclusions of irridium from the crucible were often present and
were the cause of significant losses in several crystals, These inclusions are
often present along the a-plane which is a cleavage plane of YVO,. Their
presence weakens the bonding and cleavage frequently occurs during the cool-
down. This is a major and as yet unresolved problem. If cool-down was
achieved without severe cleavage, the stresses of sawing, grinding and polish-
ing often caused material failure during rod fabrication.

It is the conclusion of this project that when the growth and fabrication

problems of Nd:YVO4 are solved, this material will be a suitable replacement

for Nd: YAG in laser systems where input power is limited.
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PREFACE

This is the final report on the '""Evaluation of Nd:YVO, and Ho, Er,

4
Tm:YVO_ as Pulse Pumped Q-Switched Lasers'. The research was per-

formed u‘ilder U.S. Army Electronics Command Contract No., DAABO07-74-
C-0104., The program monitor was Mr., John W. Strozyk, Fort Monmouth,
New Jersey. The research covers the period 2 January 1974 to 30 March
1975 with the results of the work performed during the period from

2 January 1974 to 30 June 1974.reported in the first semiannual report of
this program (Report # ECOM-74-0104-1) and the work performed during
the period from 1 July 1974 to 30 March 1975 described herein.

The principal investigators during this project were Michael Bass,
Associate Director of the Center for Laser Studies, Uri Ranon, Senior
Research Scientist at the Center, and, following Dr. Ranon's leaving the
Center, Dr. Larry G. DeShazer, Director of the Center, was substituted
as co-principal investigator.

The following personnel participated in various phases of the study:
Laser Testing M. Bass, U. Ranon
Spectroscopy, Nd L.G. DeShazer, M. Bass, J.K. Guha,

P.P. Yaney, K.M. Leung
Spectroscopy, Ho E.D. Reed and U. Ranon
Spectroscopic Analysis L.G. DeShazer, P.P. Yaney, J.A. Caird
Color Centers J.K. Guha

Mr. L. R.Rothrock, R.E, Wilder and Dr. D. Brandle of the Crystal
Products Department, Union Carbide Corporation, San Diego, California,
supplied the spectroscopic samples and laser rods used in this program.
They prepared the portion of this report concerning crystal growth and
laser rod fabrication. Dr. A.B. Chase of the Aérospace Corporation, El
Segundo, California, conducted an evaluation of material quality and the

results of that work are also described in this report.
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During this report period, a paper describing some of the work
sponsored by this contract was published. This paper was by J. A, Caird
and L.G. DeShazer, '"Analysis of Laser Emission in Ho3+-Doped Materials)'
IEEE J. of Quantum Electronics QE-11, 97 (1975). Also, several meet-

ings were held to discuss the status of the work:

8 Oct. 1974 M. Bass. L. R Rothrock, and D. Brandle visited J. Strozyk
and E. Schiel at Fort Monmouth, NJ.

16 Jan, 1975 L.G. DeShazer visited A. B, Chase at Aerospace Corporation.

30 Jan. 1975 L. G. DeShazer visited J. Strozyk and E. Schiel at Fort
Monmouth, NJ.

14 Feb, 1975 L.G. DeShazer visited L., R Rothrock at UCC.
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I. INTRODUCTION

The object of this program is to investigate rare earth doped yttrium
orthovanadate (YVO4) for use as a low threshold, pulse pumped, Q-switched
laser material. Detailed studies of Nd:YVO4 laser material were made,.
This included spectroscopic measurements of interest for predicting and
evaluating laser performance and demonstration of long pulse and pulse
pumped, Q-switched operation. Because of the concentration on Nd:YVO

4

only spectroscopic measurements were made for the Ho, Er, Tm:YVO4 laser
material.

YVO4 was proposed as a laser host crystal many years ago [ 1, 2]
but was dropped because of early crystal growth difficulties. Recent advances
in the growth of this crystal [ 3] however show that these difficulties are not
insurmountable. As part of this program large A axis boules (1.3 x 7 cm)
and 3.x 30 mm Nd:YVO4 laser rods have been prepared. These have been
free of color centers and have had excellent optical quality, A laser rod
fabrication problem was encountered causing the loss of several potential
laser rods. However, with improved material (i.e., material free of
included irridium) the fabrication problem should be correctable.

Table 1 summarizes the pertinent data for Nd in YVO4. Included in
Table 1 are data for Nd in YAG, GGG and YAIO3. The peak cross section
for the laser transition at 1,06 um of Nd in YVO4 is 30 x 1071%cm2 as com-
pared to 6.5 x 10°19 ¢cm? in YAG. The fluorescent lifetime for the upper
laser level (4F3/2) in YVO4 is accordingly smaller than in YAG, 92 usec as
compared to 240 usec. In a small elliptical laser cavity, the threshold for
long pulse operation of Nd:YVO4 is less than half that for Nd: YAG. The table
also includes the crystal growth rate (~3x higher for Nd:YVO4 than Nd: YAG)
and segregation coefficient (~2X larger in Nd:YVO4 than in Nd:YAG).

Specifically, it is to be noted that this report summarizes a 15 month
study of the laser properties and spectroscopy of Nd:YVO4 and of the spectros-

copy of Ho, Er, Tm:YVO The materials preparation and quality evaluation

4.



efforts are described in Section II. Spectroscopic measurements and their
interpretation are discussed in Section III. Section IV presents a survey

of the Nd:YVO4 absorptions. The laser testing, while described in detail

in the semiannual report, is discussed and Pockels cell Q switching of
Nd:YVO4 with no intracavity polarizer is analyzed in Section V. In Section
VI, the major conclusions of this program are summarized and recommenda-
tions for further work are given. In Appendix A we present a discussion of
laser emission in Ho3+ doped materials. In addition, for completeness we
have included in Appendix B a description of work done at The Aerospace

Corporation concerning argon laser pumped CW lasing of Nd:YVO4 at
1.06 and 1. 34 pm.
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II. MATERIALS GROWTH AND PREPARATION

A. Growth of YVO4 Crystals at Union Carbide Corp.
1. Background

The growth of YVO, single crystals began at Union Carbide Crystals

Products in 1965 and smalf pure and doped crystals were grown by the
Czochralski process [4,5]. The crystals were grown on a flame-heated
growth station from an iridium crucible. These crystals were supplied to
various laboratories including RCA and Bell Telephone Laboratory. More
recent work was funded by the U.S. Army Electronics Command at Ft.
Monmouth under Contract DAAB0772-C-0022. [3] This work included Bridgman
and Czochralski growth and was aimed at undoped YVO4 for polarizing prisms.
The technique settled on was RF induction heated Czochralski and boules of
1/2" dia. x 4" long were eventually produced. High optical quality polarizing
prisms were cut from the material. Following this work, some in-house

effort was put forth to grow some YVO,k crystals doped with Nd and with Er,

Tm, and Ho' These crystals were, in4genera1, small and the work was con-
cerned with growth habits, inclusions and melt composition.

The work of this report was begun under sub-contract to the University
of Southern California and was directed toward supplying 3 x 30 mm laser rods
and spectrographic samples of rare earth doped YVO,_, ErVO4 and TmVO4.

2. Melt Effects

The phase diagram for YZO3—VZO5 (Figure 1) shows that YVO4 melts
congruently at 1810°C., It appears, however, that the melt is not stable under
normal furnace atmosphere conditions and that oxygen is lost from the melt.
At the growth temperature, the melt is very turbulent and complex dark con-

vection lines are observed. As the temperature is lowered, the melt forms

a crust of solid material on the surface. This crust can be removed by using
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argon or nitrogen flow in the growth system. Liquid V O5 slightly above the

2
melting point dissociates according to

X

vV_.O_- + = "
205 V2)5-x 2 O2

Where more and more suboxides appear with increasing temperature. It is

believed that YVO4 behaves in a similar manner. That is

YVO4-b YVO4_X + @)

™K

5
It has been shown that the concentration of V4+ can be controlled for certain
practical oxygen partial pressures and that Czochralski growth can be effected
from the solution, While control of crystal diameter and atmosphere is criti-
cal and difficult, high quality boules have on occasion been produced.
Invariably, melts which have been solidified after growth are dark

indicating a reduced state and appear to have many phases present. Figure

2 shows remainders of melts from various growths.,

3. Growth

During this research a total of 50 crystal-growth runs were made.
Growth was performed in a standard Czochralski growth station using a
2" x 2" iridium crucible. Pull rates were as high as 3 mm/hr with 1. 5mm/hr
settled on as it appears that inclusions are reduced. Various starting mate-
rials were used and availability is sometimes a problem. A list of available
materials is given in Table 2.

Initial growth runs on a new material were made with lower purity
materials while runs for yield were made with high purity ones. No effect on
crystal growth was seen as a result of purity. For production of samples and

laser rods the preferred material is General Electric's YVO4 powder of

99. 99% purity.
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Table 2. Starting Materials Available for Crystal Growth

Material Purity Suppliers Price
YVO4 99. 99% General Electrics $101.60/1b
Tm, O, 99% 99% Research Chemicals 4.00/gm
Tm203 99.9 % Research Chemicals 2.75/gm
ErZO3 99.999% Research Chemicals 200,00/1b
Er203 99.9 % Research Chemicals 45,00/1b
H0203 99.9 % Research Chemicals 0.35/gm
V,0, 99.99 % Research Chemicals 14.50/1b

Growth was begun with stoichiometric melts at 60 standard cubic feet

per hour, scf/h, n_ flow with 1% O2 atmosphere. A rotation rate of 28 rpm

Z
and a pull rate of 1.5 mm/hr were established. A seed of a-axis orientation
was used for most growths. Several growths were made off axis due to an
error in seed orientation. The Laue photographs used for orienting the seeds
for a-axis were actually (110). Laue patterns for each one are shown in
Figure 3.

The crystals exhibit a marked habit when grown along the a-axis. As
shown in Figure 4, the boule cross-section is flattened with faceting on (100)
and the long edge parallel to (001). The aspect ratio of the flattening can be
affected by pull rate. C-axis material, on the other hand, grows with a
nearly square cross-section.

Diameter control is very sensitive and difficult and frequent cross-
section steps were encountered. Figure 5 shows several of the shapes ob-
served. Some improvement in this condition was made by tuning control
equipment as closely as possible during the contact. As these changes occur,
the growth rate at the interface changes and inclusions of bubbles, second
phase material and occasionally iridium are observed to form on the inter-

face.
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Figure 4. Cross-section Habits of C-axis and A-axis YVO4.
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Since the interface is nearly flat in YVO4, this means that inclu-
sions occur nearly along the a-plane. The a-plane is a strong cleavage
plane, but has sufficient strength to withstand normal fabrication stresses.
However, when inclusions are present on the interface the bonding is weak-
ened remarkably and cleavage frequently occurs in cool-down or in fabri-
cation. This is a major problem which must be solved.

Grown boules are in a reduced state and are dark in color. Sub-
sequent annealing in oxygen at 1400°C for 24 hours serves to return them
to transparency. No color changes were observed in the boules in normal
storage and handling.

Crystals grown were:

Material Growth Runs Yield of 4cm Boules
Nd:YVO4 26 5
"ABC":YVO4 21 13
ErVO4 2 1
Tm:YVO4 1 0

A list of actual compositions appears in Table 3.

4. Fabrication

YVO4 has a hardness of 480 KHN which is the range of many glasses
and as such polishes, saws, and grinds well. The major problem is that
of cleavage along the a-plane. It is felt that the problem may be due largely
to the presence of growth imperfections on the interface (a-plane) as already
discussed. Credence is given this hypothesis by the fact that laser rods do
not cleave into an infinite number of platelets. When a rod does cleave, it
usually withstands all subsequent grinding and processes without further
cleaving,

Because of high losses in grinding laser rod cylinders, core drilling

was investigated. Although core drilling provides a more gentle technique,

losses continued at the same rate. The problems in fabrication are

12
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illustrated by the fact that crystals were submitted for thirteen 3 x 30 mm
laser rods and ten 3 x 20-30 mm while no rods were fabricated without break-

age and at least some loss of lengths.

5. Analysis

A cleaved sample of (Y Er0 75Tm H VO, was sent to

% i 0.07 “0.01" " 4

Seal Laboratories for analysis with particular attention to inclusions. Analy-
sis was done using scanning electron microprobe and electron microprobe.
Energy dispersive x-ray analysis (DXA) was used for the electron micro-
probe. This technique is useful from the surface to a depth of one micron,

A general area of the surface of the crystal, Figure 6, shows an
included particle (A), the general crystal matrix (B), and several loose con-
taminant particles. EDXA was performed on the particle at A, Figure 7 ard
indicated the presence of major amounts of vanadium and erbium, a minor
amount of yttrium, and traces of thulium and silicon. The EDXA of the matrix
(B) indicated the presence of the same composition, except that no silicon
was present, Figure 8,

Included particles along a cleavage step is shown in Figure 9. EDXA
of the particle at '"'C'" showed major amounts of erbium, vanadium and cal-
cium, minor amounts of silicon, yttrium and potassium and trace amounts of
sulfur, chlorine, and thulium (Figure 10). The EDXA of the adjacent matrix
(Figure 11) showed the same composition as the previous matrix.

A large inclusion, Figure 12, was also EDXA, the inclusion contained
major amounts of vanadium, erbium, silicon, chlorine, sulfur, potassium
and calcium, a minor amount of yttrium, and a trace of thulium (Figure 13).

Samples of the pure powders used to make the crystals were also
analyzed using EDXA (Figures 14-16). Using the peak heights and calculating
the number of X-ray peak counts per atom percent, the atom ratios of the

vanadate crystal were calculated: V:Er (plus Ho and Tm):Y were 2. 6:2.7:0.13,

15



Figure 6, Included Particle (A) and General Crystal

Matrix in (YO. 17Er0. 75Tm0. 07H00..01 )VO4.
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Figure 9, Included Particles Along a Cleavage
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Figure 12. A Large Inclusion in
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B. Evaluation of Scattering Centers in Czochralski Grown YVO4

Two single crystals of YVO, grown by Union Carbide Corp. were

=
examined at Aerospace Corp. with a polarizing microscope to see if the cen-
ters responsible for laser scattiring could be identified. The crystals were

both NdZO doped and were delibered from Union Carbide to USC at different

3
times.

One of the crystals was in the form of an ''a" axis laser rod. Prelimi-
nary examination showed several zones of intense light scattering alont the
length of the crystal. Since this crystal was a reject due to the scattering, it
was decided to examine it more closely bo optical microscope techniques.

Two polished sections ere prepared, one parallel and the other perpendicular
to the rod axis. Each section was chosen such that it contained a volume of

the original rod that scattered light, Optical examination showed a high volume
of scattering centers such as those shown in Figure 17.

High magnification of these scattering centers showed them to have two
characteristics as shown in Figure 18a, b. The photomicrographs are taken
of the '"a'' axis slice of the rod. The difference of Figure 18a, b is that each
was taken with the polarizer parallel to each of the polarization directions of
the (100) plane. For one of the polarization directions the scattering centers
appear to be round <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>